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Abstract: Yeast transformations with Brassica napus and Perilla frutescens ω-3 desaturases were carried out. Feeding experiments on
exogenous 18:2 at 10 mg/L and 100 mg/L for both genes under this investigation showed the same activity levels over the 3 days of
the incubation, producing almost the same amount of 18:3. To further investigate the characteristics of B. napus and P. frutescens
ω-3 desaturases, a time-course in vivo activity study was conducted. Both enzymes showed the same behavior over the time course,
desaturating 18:2 into 18:3. Moreover, the use of 2 different temperatures for incubation (30 °C and 20 °C) did not affect levels of 18:3 in
either ω-3 desaturase-expressing yeast lines. The 18:2 caused a change in yeast fatty acid profiles (compared to the wild yeast type), and
16:1 was highly reduced in 18:2-fed yeast lines, especially in the yeast lines with the higher 18:2 level. Amino acid sequence comparisons
for some higher plant ω-3 desaturases show that ω-3 desaturases, including B. napus and P. frutescens ω-3 desaturases, are highly
conserved amino acid sequences. This is the first report of P. frutescens ω-3 desaturase expression in yeast. All ω-3 desaturases may have
the same behaviors if they are expressed under the control of the same promoter and the same conditions.
Key words: ω-3 desaturases, yeast transformations, gene expression, fatty acid profiles

1. Introduction
Many plant oils are rich in omega-3 unsaturated fatty
acids. Therefore, the understanding of unsaturated fatty
acid formation has become an important scientific issue in
recent years, in order to find new sources of its production
(Saraçoğlu et al., 2012). Yeast (Saccharomyces cerevisiae) is a
very useful host for heterologous expression of membranebound desaturases. It has a simple fatty acid profile and
only one major fatty acyl desaturase (Δ-9 desaturase).
Yeast cells contain eukaryotic endoplasmic reticulum,
cytochrome b5, and cytochrome b5 reductase. In addition,
yeast can take up and incorporate many kinds of fatty acids
from the growth medium; it has a low level of β-oxidation
and it has the carbon sources needed for the incorporation
of the exogenously provided substrate and any fatty acid
that results from the heterologous expression of plant
desaturases (Kunau et al., 1987; Covello and Reed, 1996;
Watts and Browse, 1999; Cahoon et al., 2002). For instance,
exogenous feeding of oleic acid to yeast transformed with
a Δ-12 desaturase successfully results in the production of
* Correspondence: matbio2020@gmail.com

linoleate (Covello and Reed, 1996; Hornung et al., 2002). In
plants, ω-3 fatty acid desaturation is found in 2 different cell
compartments on 2 different substrate classes (Somerville
and Browse, 1991; Los and Murata, 1998). In plastids, the
products of Fad7 and Fad8 desaturate both 16:2 and 18:2
attached to glycerolipids. However, outside of plastids
and mostly on the endoplasmic reticulum, the product of
Fad3 desaturates 18:2 attached to phosphatidylcholine. In
both cases, the desaturation reactions require molecular
oxygen and an electron donor, which is ferredoxin in
the plastid and cytochrome b5 and cytb5 reductase
in the endoplasmic reticulum (Los and Murata, 1998;
Shanklin and Cahoon, 1998). Plastidial and extraplastidial
Arabidopsis desaturases have high amino acid sequence
similarities. Arabidopsis FAD3 and FAD7 have 66%
common identity (Yadav et al., 1993). This suggests a
relatively recent evolutionary divergence, plus structural
and functional similarities. In addition, desaturases share
a general membrane topology and a histidine-rich ironbinding domain (Los and Murata, 1998; Shanklin and
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Cahoon, 1998). FAD3 of oilseeds produces α-linolenate.
However, in terms of its substrate specificity, FAD3 shows
the ability to desaturate exogenously fed 16 to 22 carbon
substrates. In addition, it shows ω-3 regioselectivity (Reed
et al., 2000; Meesapyodsuk et al., 2000). Expression of plant
desaturases in yeast offers a rapid method of verifying the
enzymes’ activity as well as the characteristics of their
relationships with their substrates and the products, in
addition to the study of their behaviors under different
physiological conditions such as the effect of temperature
on the accumulation of different fatty acids in storage
lipids (Covello and Reed, 1996; Reed et al., 2000; Cahoon
et al., 2001; Dyer et al., 2001; Sayanova et al., 2001; Hong
et al., 2002; Sandager et al., 2002; Sharma et al., 2012). The
yeast expression model may provide useful information for
understanding the transcriptional and posttranscriptional
mechanisms involved in the regulation of plant fatty
acid desaturases (Dyer et al., 2001), which in turn could
provide tools to increase our ability to produce engineered
plants containing nutritionally and industrially useful
fatty acid compositions (Budziszewski et al., 1996; Kinney,
1997; Moon et al., 2000; Cahoon and Shanklin 2000; Dyer
et al., 2001, 2002). In order to elucidate in greater detail
the high 18:3 production in some oilseeds, a comparison
between 2 different ω-3 desaturases from Brassica napus
and Perilla frutescens, as low and high 18:3 producer
plants, respectively, was accomplished by expression of
ω-3 desaturases from B. napus and P. frutescens in yeast,
followed by growing these yeast lines on media containing
exogenous 18:2 as a substrate and measuring the resulting
desaturation product. Amino acid sequence comparison
for cloned ω-3 desaturases from different organisms is
presented. This is the first report on P. frutescens ω-3
desaturase expression in yeast.
2. Materials and methods
2.1. Plant materials
Brassica napus and Perilla frutescens seeds of the second
cotyledon developmental stage were collected based on
seed color, size, and weight. Seed coats were carefully
removed. Samples were frozen in liquid N2 and used for
RNA isolation (Abdel-Reheem et al., 2003; Suryadevara et
al., 2008).
2.2. RNA isolation
Fresh RNA was isolated using TRIzol reagent (Life
Technologies, GIBCO BRL). Seed tissues (50–100 mg) of
the appropriate cotyledon developmental stages of tested
plants were frozen in liquid N2, homogenized in 1 mL of
TRIzol reagent, transferred into microcentrifuge tubes,
and incubated at room temperature for 5 min. Next, 0.2
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mL of chloroform per 1 mL of TRIzol was added; tubes
were vigorously shaken by hand for 15 s and incubated at
room temperature for 3 min. Samples were centrifuged
at 12,000 × g for 15 min at 2–8 °C. The upper aqueous
phase containing the RNA was collected in fresh tubes;
RNA was precipitated with 0.5 mL of isopropyl alcohol
and samples were incubated at room temperature for 10
min. Samples were centrifuged at 12,000 × g for 10 min,
and the RNA pellet was washed once with 1 mL of 75%
ethanol. Samples were vortexed and centrifuged at 7500
× g for 5 min. The RNA pellet was incompletely air-dried,
then dissolved in RNase-free water and incubated for 10
min at 60 °C. The concentration of RNA was estimated by
reading the absorbance at 260 nm. The 260/280 ratio of the
RNA was 1.9 to 2.0; values lower than this suggests protein
contamination. The quality of RNA was estimated using
0.8% agarose gel, and samples were stored at –80 °C until
used.
2.3. Cloning of Brassica napus and Perilla frutescens
microsomal ω-3 desaturases into the pYES2TM Ura3
vector
2.3.1. Cloning into the pGEM-T® vector
Amplification of omega-3 desaturase genes was carried
out using MasterAmpTM RT-PCR for high sensitivity
provided with RetroAmp RT DNA polymerase and
MasterAmp PCR Enhancer (Epicentre, Madison, WI,
USA) and the Access RT-PCR System provided with both
AMV reverse transcriptase and TfI DNA polymerase
(Promega, Madison, WI, USA) with the following genespecific primers:
(Brass5’: 5’CGCGGATCCATGGTTGTCGCTATGGA
CCA3’), (Brass3’: 5’CCGCCGGAATTCTTAGTTGATTT
TGGATTTGT3’), (Perill5’: GGATCCTCATGACCGTTT
CTTCCGGTGCCCGC3’), and (Perill3’: CGTTAACTTA
AATCTAATTTGGCAATCAAGAGT3’).
These primers introduced BamH1 and EcoR1
restriction sites for both genes; in addition, BspH1 and
HpaI restriction sites were introduced in the P. frutescens
primers. These sites were created for subsequent subcloning
into a variety of expression vectors. RT-PCR products with
the expected size were gel-purified using a QIAquick PCR
Gel Purification Kit (QIAGEN, Valencia, CA, USA); DNA
concentration was obtained for both purified genes by
reading the absorbance at 260 nm. Both genes were cloned
in pGEM-T® (Promega) using T4 DNA ligase.
2.3.2. E. coli transformation and minipreps
E. coli competent DH5α cells were used to transform both
cloned genes in pGEM-T. DH5α cells were thawed by
setting them in ice 5 min; 1 µL of pGEM-T with the inserts
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was added, and this was left in ice for 20 min. Heat shock
was conducted at 42 °C for 90 s, and cells were immediately
chilled in ice for 1 min. Next, 450 µL of LB liquid medium
was added and the cells were grown at 37 °C with shaking
for 1 h; 20 µL of the culture was spread on LB plates with
100 μg/mL ampicillin. Plates were incubated overnight at
37 °C. One colony from each plate was inoculated into 5
mL of LB liquid medium with 100 µg/mL ampicillin and
incubated at 37 °C overnight with shaking at 300 rpm.
The cultures were used for minipreps using the QIAprep®
Spin Miniprep system (QIAGEN). Concentrations of the
eluted DNA were estimated by obtaining the absorbance
at 260 nm. Plasmids were double-digested with BamH1
and EcoR1 restriction enzymes followed by loading 5 µL of
each reaction’s yield onto 0.9% agarose gel as a verification
of the successful cloning.
2.3.3. Gene sequencing
Single-stranded DNA sequencing for the obtained
minipreps of pGEM-T with the inserts was carried out by
separately using pUC/M13 forward, pUC/M13 reverse,
and SP6 sequencing primers. Beckman Coulter CEQ 2000
dye terminator cycle sequencing with the Quick Start kit
was used (Beckman Coulter, Fullerton, CA, USA). DNA
sequencing reactions were prepared by adding 65 ng of
each of the DNA templates, 2 µL of each of the sequencing
primers previously mentioned, and 4 µL of DTCS Quick
Start Master Mix to 0.2-mL microcentrifuge tubes; the final
volume was adjusted up to 20 µL using dH2O. The thermal
cycling program of 20 s at 96 °C, 20 s at 50 °C, and 4 min
at 60 °C was used for 30 cycles, followed by holding at 4
°C. Sequencing reactions were precipitated in ethanol by
transferring them into a labeled, sterile 0.5-mL tube with
4 µL of stop solution and 1 µL of 20 mg/L glycogen. After
thorough mixing, 60 µL of cold 95% (v/v) ethanol from
–20 °C freezers was added and thoroughly mixed, then
immediately centrifuged at 14,000 rpm at 4 °C for 15 min;
the supernatant was carefully removed. The pellets were
rinsed 2 times with 200 µL of 70% ethanol (v/v) prefrozen
at –20 °C and centrifuged at 14,000 rpm at 4 °C for 2 min;
the supernatant was carefully removed each time. Tubes
were vacuum-dried for 40 min, and then the samples were
resuspended in 40 µL of sample loading solution. The
resuspended samples were loaded into a CEQ 2000 sample
plate into the appropriately labeled wells and covered with
1 drop of light mineral oil.
2.3.4. Construction of the yeast expression plasmid
All pGEM-T with inserts construct and the pYES2 vector
(Invitrogen, Carlsbad, CA, USA) were double-digested
with BamH1 and EcoR1 restriction enzymes by using a
QIAquick PCR gel purification protocol (QIAGEN). The

ω-3 desaturase DNA fragments were cloned behind the
galactose-inducible promoter GAL1 into the digested
shuttle vector pYES2, together with T4 DNA ligase. E. coli
competent DH5α cells were used for the transformation of
the ligation reaction yields, and then minipreps using the
QIAprep Spin Miniprep system (QIAGEN) were carried
out. Double digestion with BamH1 and EcoR1 restriction
enzymes was followed by loading 5 µL of each the reaction
products on a 0.9% agarose gel as a verification of successful
cloning (Elledge et al., 1991; Hornung et al., 2002).
Constructions obtained of yeast expression plasmid were
used for yeast transformation and expression experiments.
2.4. Yeast expression with ω-3 desaturase
2.4.1. Preparation of competent yeast cells
INVSC1 yeast strain (wt.) was grown in 50 mL of YPGA
medium at 30 °C for 36 h with constant shaking (250 rpm).
The OD700 of the culture was measured and the cultures
were diluted to 0.2 in a total volume of 50 mL. These were
then incubated at 30 °C for 5–7 h until an OD700 of 0.8 was
achieved and centrifuged for 10 min at 6000 × g. Pellets
were resuspended with 0.5 mL of sterile H2O for every
10 mL of culture; 0.5 mL of resuspended cultures was
transferred to microcentrifuge tubes and then centrifuged
for 1 min. Pellets were resuspended with 1 mL of sterile
H2O. Centrifugation for 1 min and resuspension in 1.5 mL
of 0.1 M LiAc/1X TE (pH 7.5) were carried out, and then
the mixture was centrifuged for 1 min and resuspended in
500 mL LiAc/TE.
2.4.2. Yeast transformation
One hundred micrograms of salmon sperm DNA was
denatured for 30 min at 100 °C in a microcentrifuge tube
and placed on ice. Transformation reaction was assembled
in the same tube by adding the following components in
order to each tube: 1–2 µg of plasmid DNA (pYES2 vector
with/without inserts), 10 µL of salmon sperm DNA, 50 µL
of competent yeast cells, and 500 µL of 40% PEG 4000/
LiAc/1X TE (400 µL of 50% PEG, 50 µL of 1 M LiAc, and
50 µL 10X TE). Tubes were vortexed and incubated at 30
°C with agitation for 30 min. Heat shock for the cells was
achieved at 42 °C for 15 min, and then the tubes were
immediately placed on ice for 20 s. Centrifugation at 6000
× g was carried out for 1 min and the supernatant was
removed. Pellets were washed with 1 mL of sterile H2O,
centrifuged for 1 min, resuspended in 1 mL of YPGA
medium, and then incubated for 2 h at 30 °C without
agitation. After 2 h of incubation, tubes were centrifuged
for 1 min and the pellets were resuspended in 1 mL of Ymm
(gluc/lacking Ura). Resulting samples were centrifuged for
1 min and resuspended with 200 µL of Ymm (gluc/lacking
Ura). The total volume was plated on Ymm (gluc/lacking
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Ura) plates and incubated at 30 °C until colonies appeared
(Gietz et al., 1992; Ausubel et al., 1995).
2.4.3. Yeast expression
Different transformed lines of INVSC1 yeast colonies
(yeast transformed with pYES2 vector without insert was
used as a control) were grown in 50 mL of Ymm (gluc/
lacking Ura) medium at 30 °C for 36 h with constant
shaking (250 rpm). Cells were collected by centrifugation
at 6000 × g for 5 min at 4 °C.
2.5. 18:2 feeding experiments
Collected cells from each transformed line were diluted
to 0.4 OD700 in a total volume of 25 mL/tube of Ymm (gal/
lacking Ura) medium. Media were supplemented with
both linoleic acid at 2 different concentrations with final
concentrations of 100 mg/L and 10 mg/L and with tergitol
type NP-40, 0.1% v/v. Cultures were grown at 30 °C for 3
days (Dyer et al., 2001; Cahoon et al., 2002). Cells were
collected by centrifugation at 6000 × g for 5 min at 4 °C, and
then washed once with 10 mL of 1% (w/v) tergitol and once
with 10 mL of water. The pellets were used for fatty acid
analysis with gas chromatography. Samples were placed into
2 mL of 2% (v/v) H2SO4 in methanol, and were then heated
at 80 °C until the volume was reduced to approximately 0.5
mL (2 h). Samples were extracted with hexane containing
0.01% BHT (Reed et al., 2000; Cahoon et al., 2002). Fatty
acid methyl esters in the hexane layer were separated by
gas chromatography on a Hewlett-Packard 0.25 mm I.D.
× 0.33 mm × 10 m FFAP column and quantified using a
flame ionization detector. A Hewlett-Packard 5890A gas
chromatograph was programmed for an initial temperature
of 140 °C for 1 min followed by increases of 12 °C/min to
210 °C and to 235 °C. Final temperature was maintained
for 8 min. Injector and detector temperatures were 220 °C
and 250 °C, respectively. Helium was used as the carrier gas
with a flow rate of 10 mL/min (Abdel-Reheem et al., 2003;
Keskin et al., 2013).
2.6. Time-course 18:2 feeding experiments
Time-course feeding experiments were carried out for
all transformed yeast lines as previously mentioned
in the feeding experiment, except that the media
were supplemented with linoleic acid at 2 different
concentrations with final concentrations of 1 mg/L and
10 mg/L (Reed et al., 2000). Cultures were grown at 20
°C (Reed et al., 2000; Dyer et al., 2001), and the samples
were collected over a time course of 0 min, 1 min, 3 min,
5 min, 10 min, 30 min, 1 h, 5 h, 24 h, and 48 h. Cells were
collected by centrifugation at 6000 × g for 5 min at 4 °C,
and were washed once with 10 mL of 1% (w/v) tergitol
and once with 10 mL of water. Pellets were used for fatty
acid analysis with gas chromatography as previously
mentioned.
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2.7. Bioinformatics
Sequence comparisons for all cloned ω-3 desaturases to
date from both chloroplasts and endoplasmic reticulum
were carried out, and the degree of hydrophobicity for P.
frutescens ω-3 desaturase was obtained using the Seqanal
server (http:/seqanal2.mi.uky.edu).
3. Results and discussion
3.1. Construction of the yeast expression plasmid
For further elucidation of high 18:3 production in some
oilseeds, and to find out whether the ω-3 desaturases
from high versus low 18:3 producer plants have similar
or different behaviors under the control of the same
promoter and inside one organism with similar conditions,
yeast transformations with B. napus and P. frutescens ω-3
desaturases as low and high 18:3 accumulators, respectively,
were carried out. RNA was isolated from the collected
seeds after removal of the seed coat; RT-PCR was carried
out, and then the obtained DNA fragments with the right
sizes (P. frutescens ω-3 desaturase gene size is 1.17 kb and B.
napus ω-3 desaturase gene size is 1.15 kb) were cloned into
the pGEM-T vector. After minipreps, T vector clones were
used for gene sequencing using CEQ 2000 Dye Terminator
Cycle sequencing. The obtained sequencing data were
blasted with the GenBank sequences for both B. napus and
P. frutescens microsomal ω-3 desaturases and more than
95% identities were found with the matched sequences.
The minipreps of the pYes2 clones were also doubledigested with both BamH1 and EcoR1 restriction enzymes
for the pYES2 vector, pYES2+ B. napus ω-3 desaturase, and
pYES2+ P. frutescens ω-3 desaturase (Figure 1). Data in
this figure show that both pYES2 B. napus and P. frutescens
constructs contain the required right-sized inserts that we
were interested in, since the right DNA fragments were
able to be recovered by the restriction enzymes’ double
digestion. On the other hand, pYES2 constructs were
used for yeast transformation into different lines, pYES2+
B. napus ω-3 desaturase and pYES2+ P. frutescens ω-3
desaturase. In addition, pYES2 without insert was used as a
control in a third different line.
3.2. Yeast transformation
All transformed yeast lines were grown on Ymm lacking
uracil media; the absence of the uracil was used as a
selection marker. Since the INVSC1 yeast strain is lacking
the Ura3 gene and the pYES2 vector contains this gene,
only the transformed yeast cells were able to grow on the
media used.
3.3. INVSC1 wild-type fatty acid compositions
Fatty acid composition of the wild type of the INVSC1
yeast strain was measured. Data in Figure 2 show that the
INVSC1 yeast strain contains 34% of 16:0, 44% 16:1, 5%
18:0, and 15% 18:1. This suggests that this yeast strain with
a very simple fatty acid profile and with only one major
desaturase works as a very useful host for heterologous
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desaturase expression (Kunau et al., 1987; Meesapyodsuk
et al., 2000).

pYES2+ pYES2+
pYES2
Cut Uncut
Brass
Peril

3.4. ω-3 desaturase activity in yeast
Transformed yeast lines were grown in Ymm medium
containing galactose to induce the GAL1 promoter
and 18:2 utilization by the ω-3 desaturases. Fatty acid
composition of the yeast control line exogenously fed with
10 mg/L 18:2 is shown in Figure 3a, and the fatty acid
composition of the yeast control line exogenously fed with
100 mg/L 18:2 is shown in Figure 3b. Data from Figure
3 show that 18:2 was successfully incorporated into the
yeast control line at both 18:2 concentrations, similar to
the results of prior reports (Kunau et al., 1987; Covello
and Reed, 1996; Watts and Browse, 1999; Trotter, 2001;
Cahoon et al., 2002). However, the level of the endogenous
18:2 was higher in the yeast control line exogenously fed
with 100 mg/L (Figure 3b) in comparison with the yeast
control line at 10 mg/L 18:2 (Figure 3a) (Reed et al., 2000).
Both exogenous 18:2 concentrations were used for feeding
the transformed yeast lines with pYES2+ B. napus ω-3
desaturase and pYES2+ P. frutescens ω-3 desaturase.
The data in Figure 4 show the fatty acid composition
in yeast lines expressing B. napus and P. frutescens ω-3
Figure 1. Double digestion with both BamH1 and EcoR1 restricdesaturases fed with 18:2 at a concentration of 10 mg/L.
tion enzymes for pYES2vector, pYES2+ B. napus, and pYES2+
Both yeast lines apparently have ω-3 desaturase activity
P. frutescens, incubation at 37 °C for 4hrs, followed by loading 5
µL of each reaction on a 0.9% agarose gel as a verification of the
since 18:3 was produced. Figure 4 shows an 18:3 level of
successful
cloningwith
into T
vector.
2.4% asfor
a result of B. napus ω-3 desaturase activity, while
re 1: Double
digestion
both
BamH1 and EcoR1 restriction enzymes

vector, pYES2+ B. napus, and60pYES2+ P. frutescens, incubation at 37 C for

owed by loading 5 µL of each reaction on a 0.9% agarose gel as a verification of
50

% Total fatty acids

the successful cloning into T vector.
40
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10
0
Series1

1

16:0

16:1

18:0

18:1

34.4

44.5

5.7

15.4

Fatty acids

Figure 2. Fatty acids profile for the wild type of the INVSC1 yeast strain. Yeast cells were grown on
Ymm/glu medium for 3 days at 30 °C; cells were collected by centrifugation at 6000 × g for 5 min at
4 °C and then methylated using 2% (v/v) H2SO4 in methanol at 80 °C for 2 h. The fatty acid methyl
esters were extracted in the hexane layer and separated by gas chromatography.
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Figure 3. Yeast expression with pYES2 without inserts as a control, fed with: a) 10 mg/L
linoleate and b) 100 mg/L linoleate. These control lines were incubated at 30 °C for 3
days with shaking at 250 rpm.

596

45
40
35
% Total fatty acids

5

the 18:3 level was 2.5% in the yeast expressing P. frutescens
ω-3 desaturase (Figure 4). Yeast B. napus line data are in
agreement with those obtained by Reed et al. (2000). Data
from Figure 4 suggest that both genes were expressed at
the same levels at this 18:2 concentration.
In addition, Figure 5 shows the fatty acid composition
obtained from the yeast expressing B. napus ω-3 desaturase
and fed 100 mg/L 18:2. It presents the obtained fatty acid
profile from the yeast line expressing P. frutescens ω-3
desaturase. Both yeast lines produced 18:3, at 2.2% and
2.3%, respectively, suggesting that both genes produced
active proteins that showed similar behaviors and
produced the same amount of 18:3 at a 100 mg/L 18:2
concentration. Levels of 18:2 uptake percentages were
similar at the same 18:2 concentrations provided in the
media (Reed et al., 2000). However, endogenous 18:2 levels
were slightly lower in the yeast lines exogenously fed 10
mg/L 18:2 compared with endogenous 18:2 levels at the
higher exogenous 18:2 concentration, as shown in the data
from Figures 4 and 5. However, levels of 18:3 at the 10
mg/L 18:2 concentration were slightly higher than its levels
at 100 mg/L concentration for both yeast lines; similar

30
25
20
15
10
5
0

Y/Br
Y/Per

16:0
24.6
28.5

16:1
13.5
1.5

18:0
10.7
11.9

18:1
13.7
16.5

18:2
35.2
39.2

18:3
2.4
2.5

Figure 4. Yeast expression with ω-3 desaturase from normal 18:3
accumulator B. napus (Y/Br) and ω-3 desaturase from high 18:3
accumulator P. frutescens (Y/Pr). Both lines were fed 10 mg/L
18:2 and were incubated at 30 °C for 3 days with shaking at 250
rpm. n = 2, error bars = SE.

slight differences in 18:3 levels as low as 0.2%, obtained
from yeast expressed with B. napus ω-3 desaturase, were
taken into account by Dyer et al. (2001). This indicates
that when the endogenous 18:2 level increases, the levels
of 18:3 slightly decrease, as shown by Reed et al. (2000),
indicating that 18:2 has a slight inhibitory effect on ω-3
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Figure 5. Yeast expression with ω-3 desaturase from normal 18:3
accumulator B. napus (Y/Br) and ω-3 desaturase from the high
18:3 accumulator P. frutescens (Y/Pr). Both lines were fed 100
mg/L 18:2 and were incubated at 30 °C for 3 days with shaking at
250 rpm. n = 2; error bars = SE.

desaturases from both yeast lines, which suggests that
both genes under investigation conduct the same behavior
inside yeast cells. On the other hand, 18:2 incorporation
levels increased in both yeast lines at both exogenous
18:2 concentrations compared with their corresponding
controls. For 18:2, the percentage was 8% in the yeast fed
on 10 mg/L, and it was 31% in the yeast fed on 100 mg/L
(Figure 3). However, in yeast lines expressing B. napus ω-3
desaturase, the 18:2 percentage increased up to 35% at 10
mg/L and 57% at 100 mg/L (Figures 3a and 4). In addition
to that, in P. frutescens yeast lines the 18:2 also increased to
39% and 56% at both concentrations used in the feeding of
all yeast lines, respectively (Figures 3b and 4).
In comparison with the other ω-3 desaturaseexpressing yeast lines, the palmitoleic acid (16:1) level in
the wild-type yeast was 44% (Figure 2). However, 16:1
levels were slightly decreased in the yeast control line fed
10 mg/L 18:2 (Figure 3a), and in the control line at 100
mg/L, the 18:2 palmitoleic level was significantly decreased
to 12% (Figure 3b). The 16:1 level significantly dropped
in ω-3 desaturase-expressing yeast lines compared with
its percentage in the yeast wild type. In yeast lines fed 100
mg/L 18:2, palmitoleic levels were as low as 0.7% and 0.3%
in both the B. napus yeast line and the P. frutescens yeast line,
respectively (Figure 5). Meanwhile, the endogenous 18:2
levels in both control lines and the other yeast lines were
increased, as previously mentioned. This suggested that
the increment of the endogenous 18:2 levels may cause the
drop in the 16:1 levels, and that the more 18:2 incorporated
into yeast cells, the more the 16:1 levels dropped. This in
turn suggested that 18:2 may have an inhibitory effect on
the yeast Δ-9 desaturase (Trotter, 2001).
3.5. Time course of ω-3 desaturases activities
Both ω-3 desaturase genes under investigation showed
the same activity levels over the 3 days of incubation,
producing almost the same amount of 18:3. However, the

feeding experiment did not explain whether both genes
expressed proteins with similar or different kinetics. In
order to obtain some idea of B. napus and P. frutescens ω-3
desaturase kinetics, the time-course in vivo activity study
was conducted by feeding yeast lines on 1 mg/L 18:2 and
10 mg/L. The exogenous 18:2 lower concentration (1 mg/L)
was used in order to increase the enzymes’ sensitivity toward
the availability of the substrate; the kinetic differences could
then be easily tracked. However, both concentrations used
gave almost the same percentage of the endogenous 18:2.
Yeast lines fed on 1 mg/L 18:2 showed an increase in the
endogenous 18:2 over the time course. 18:2 levels increased
from 11% to 22% for B. napus lines and from 15% to 30%
for P. frutescens lines, and the percentages were almost the
same for the 10 mg/L concentration (data not shown). This
might be due to the ω-3 desaturases’ activities and the use
of the endogenous 18:2.
Figure 6 shows the in vivo accumulation of ω-3
desaturases’ product for both B. napus and P. frutescens
ω-3 desaturases expressed in yeast over the time course at
the concentration of 1 mg/L 18:2. Both enzymes showed
almost the same activity over the time course and reached
their maximum activity after 5 min (Pillai et al., 1998).
Data in Figure 7 show the in vivo 18:3 accumulation
for both enzymes under investigation at the concentration
of 10 mg/L 18:2. The maximum 18:2 level found for
both enzymes was at 5 min (data not shown), and the
18:3 levels were around 2.2% for both yeast lines. As in
the case of yeast lines fed at 1 mg/L 18:2 (Figure 6), both
enzymes showed almost the same 18:2 accumulation. The
reasons why the maximum 18:3 level was reached after 5
min are many. In a similar study by Pillai et al. (1998), in
Mortierlla ramanniana (an oleaginous yeast that is known
to accumulate more lipid membrane than Saccharomyces
cerevisiae), the maximum incorporation of around 80%
of exogenously fed oleoyl-CoA into its triacylglycerol and
other lipids of membrane fraction was reached after 5 min.
In S. cerevisiae, palmitoyl-CoA was used more readily than
oleoyl-CoA for TAG synthesis in microsomes, meaning
that the lipid synthesis in yeast microsomes is a rapid
process (Yamada et al., 1977, as cited in Pillai et al., 1998).
In yeast that expressed ω-3 desaturase and was fed
with 18:2, the 18:3 percentage reached its maximum level
in 5 min and became constant. In addition, all provided
contributing molecules and co-factors in storage lipid
metabolism such as Cytb5, Cytb5 reductase, NADPH, and
3-phosphoglycerol may play a key role in ω-3 desaturase
activity. Protein turnover (yeast endogenous proteolytic
enzymes) may also be involved in terminating such foreign
proteins’ activities (Pillai et al., 1998). The expression of
ω-3 desaturase in yeast produced a new fatty acid (18:3),
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Figure 6. Time course of 18:3 accumulation: Y/Br from yeast expressing B. napus ω-3
desaturase and Y/Per from P. frutescens ω-3 desaturase. Both lines were expressed in yeast
fed 1 mg/L 18:2 and incubated at 20 °C for the shown time with shaking at 250 rpm. n =
2, error bars = SE.
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Figure 7. Time course of 18:3 accumulation: Y/Br from yeast expressing B. napus ω-3
desaturase and Y/Per from P. frutescens ω-3 desaturase. Both lines were expressed in yeast
fed 10 mg/L 18:2 and incubated at 20 °C for the shown time with shaking at 250 rpm. n =
2, error bars = SE.

and feeding it with 18:2 also provided the yeast system with
additional unusual fatty acids for yeast cells. These newly
presented fatty acids in yeast could cause a shift in its lipid
metabolism and changes in its fatty acids profile (Figures
2–7). Moreover, the distribution of these newly presented
enzymes (B. napus and P. frutescens ω-3 desaturases), which
are known as membrane-bound proteins since they have
frequently repeated hydrophobic amino acids domains
(Figure 8) as a specific membrane-binding topology
mostly to the endoplasmic reticulum (Los and Murata,
1998; Shanklin and Cahoon, 1998), into the yeast system
may have improper membrane localization and irregular
substrate (PC) accesses. Although lipid metabolism
enzymes have proper cell compartment localizations, the
storage lipids’ biosynthetic enzyme distribution patterns
are not well known (Pillai et al., 1998).
In addition to desaturase activity, there are a number
of factors that could affect the level of the final product
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accumulating in yeast cells. These factors, additional to
those previously mentioned, include the incorporation
of the exogenous fatty acid (18:2) into yeast cells and its
subsequent availability as a substrate for the introduced
genes into the yeast system; however, the 18:3 accumulation
is found not to be limited by the 18:2 levels unless it is
below 7%, as stated by Reed et al. (2000). All studies on
yeast expression with B. napus ω-3 desaturase showed low
levels of 18:3 accumulations (Reed et al., 2000; Dyer et
al., 2001, 2002). Products of the plant desaturases usually
account for a very small percentage of total yeast lipids,
and the levels of 18:3 in the yeast expressed with B. napus
ω-3 desaturase fed 18:2 at the concentration of 0.05% (v/v)
and grown at different temperatures were found to be 0.3%
at 30 °C, 0.7% at 20 °C, and 0.5% at 10 °C (Dyer et al.,
2001). However, in this study the yeast feeding experiment
was carried out at 30 °C (Figures 2–5) and the time-course
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Figure 8. P. frutescens ω-3 desaturase degree of hydrophobicity, based on the amino acid sequence of the ω-3 desaturase
protein, using the Seqanal server.

activity experiment was carried out at 20 °C in order to give
the yeast cells the optimum conditions for TG synthesis
(Figures 6 and 7). The obtained data at 30 °C showed
that 18:3 levels were 2.4% for yeast lines expressed with
B. napus ω-3 desaturase and fed 18:2 at 10 mg/L; the 18:3
levels for yeast expressing the P. frutescens ω-3 desaturase
yeast at the 10 mg/L 18:2 concentration were 2.5%. On the
other hand, the data at 20 °C for yeast expressing both B.
napus and P. frutescens ω-3 desaturases at the 10 mg/L 18:2
concentration showed 18:3 percentages of about 2%. These
data suggested insignificant differences between these 2
different temperatures for the desaturation of 18:2 into
18:3 in yeast. In contrast, the incubation temperatures of
30 °C and 15 °C affected the activity of Δ-12 desaturase
and the accumulation of linoleic acid from 1% to 9.2%,
respectively, in yeast expressed with the FAD2 gene
(Covello and Reed, 1996).
3.6. The structure and amino acid sequences of w-3
desaturases
Plastidial and extraplastidial Arabidopsis desaturases have
high amino acid sequence similarities (Figure 9). All
plastidial genes are longer than the extraplastidial genes
due to the presence of the transient peptide signals in the
chloroplast genes. Arabidopsis endoplasmic reticulum
Fad3 and plastidial Fad7 have a 66% identity match (Yadav
et al., 1993). This suggests a relatively recent evolutionary
divergence as well as structural and functional similarities
(Iba et al., 1993). The amino acid sequence alignments in
Figure 9 show that desaturases share a general membrane
topology and histidine-rich iron-binding domain (Los and
Murata, 1998; Shanklin and Cahoon, 1998). Desaturase
enzymes in higher plants have an N-terminal domain
related to cytochrome b5 (Sayanova et al., 1997). ω-3

desaturase enzyme is the product of the Fad3 gene (Shah
et al., 1997). In Arabidopsis, the Fad7 locus encodes a
chloroplast ω-3 desaturase (Iba et al., 1993; Horiguchi et
al., 1996). However, the role of the Fad8 locus is to increase
w-3 desaturase activity in plants that are exposed to low
growth temperatures (Gibson et al., 1994). ω-3 fatty acid
desaturases are membrane-bound, as indicated in Figure 7,
with 2 different microsomal isoforms (osFAD3) (Kodama
et al., 1997).
In conclusion, the yeast lines expressing ω-3
desaturases from B. napus and P. frutescens and grown at
30 °C showed the same levels of 18:3 percentages. The data
in this study showed that 18:2 may have an inhibitory effect
on desaturase enzymes and caused a change in yeast fatty
acid profiles compared to the yeast without added 18:2; the
16:1 levels were highly reduced in all yeast lines, especially
in the yeast lines fed with 100 mg/L exogenous 18:2. The
incorporation of this unsaturated fatty acid from the
growth media into yeast cells caused the reduction in the
amount of endogenously synthesized monounsaturated
fatty acid (16:1), possibly due to the inhibition of the
endogenous desaturase activity of yeast (Trotter, 2001). In
addition, the time-course activity study for both B. napus
and P. frutescens ω-3 desaturases expressed in yeast at 20
°C indicates that both enzymes showed the same behavior
over the time course, desaturating 18:2 into 18:3 at both
concentrations of exogenous 18:2 used (1 mg/L and 10
mg/L). Moreover, this study showed that the 2 different
temperatures used for the incubation did not affect the
accumulation levels of 18:3 in any yeast lines. Amino
acid sequence comparisons for most higher plants’ ω-3
desaturases (Figure 9) show that all ω-3 desaturases,
including B. napus and P. frutescens ω-3 desaturases, have
highly conserved amino acid sequences. All data in this
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Figure 9. Plastidial (Ch) and extraplastidial (Er) ω-3 desaturases’ amino acid sequence similarity from
different higher plants.
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Figure 9. (Continued).
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Figure 9. (Continued).
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Figure 9. (Continued).

work, based on behaviors of the 2 different desaturases
expressed under the same conditions, can be combined
together and it may be generalized that all ω-3 desaturases
may have the same behaviors if they are expressed under
the control of the same promoter and under the same
conditions.
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